Although geomorphic observations suggest that the Sierra Nevada has tilted so that the crest has risen 1-2 km since late Miocene time, deuterium and oxygen-18 isotope concentrations in Cenozoic geologic materials decrease eastward across California and Nevada similarly to those in modern, orographically induced precipitation, as if little change in Sierra Nevadan elevations has occurred since Eocene time. Orographic precipitation, however, depends on the amount of moisture in the atmosphere, which in turn can be much larger in warm air, as in Eocene or Oligocene time and in summer, than in the cooler air characteristic of present-day, domi nantly winter, precipitation. Moreover, the integrated rainout of vapor, and hence presumably in stable isotope concentrations in the remaining vapor, depends largely on the difference in heights traversed by air masses, not slopes of mountain ranges. Thus, if due simply to orographically induced rainout, both Eocene and Oligocene variations in deuterium isotopes across the Sierra Nevada and Miocene-Quaternary differences in deuterium and oxygen isotopes between the Great Valley of California and the Basin and Range place only weak constraints on the slope or past elevations of the Sierra Nevada. They do not necessarily contradict the inference that the crest of the Sierra Nevada has risen 1000 m or more since late Miocene time.
INTRODUCTION
East-west topographic profi les across the Sierra Nevada of California show a gentle slope to the west as if a block of crust has rotated about a horizontal axis parallel to the range, with the crest of the range having risen relative to the fl oor of the Great Valley of California. In the northern Sierra, Eocene gravel deposits defi ne ancient valleys that can be traced westward from elevations >2000 m to the Great Valley and that seem to have been characterized by gentle longitudinal profi les (Fig. 1) . The difference between the characteristic regional slope and the gentler profi le of the ancient Yuba River led Lindgren (1911) to infer that the high peaks of the Sierra owe their current elevations to such tilting. Although some have questioned the magnitude of tilting (e.g., Hudson, 1955) , most subsequent studies have refi ned and corroborated Lindgren's inference (e.g., Christensen, 1966; Huber, 1981 Huber, , 1990 Jones et al., 2004; Small and Anderson, 1995; Unruh, 1991; Wakabayashi and Sawyer, 2001 ). Jones et al. (2004) , in particular, showed that when slopes of the ancient valleys are plotted against the orientation of the valleys, segments that fl owed westward are now steeper than those that fl owed northward or southward. This pattern is easily explained by a tilting of the ancient channels about an axis trending roughly northsouth, parallel to the present-day Sierra Nevada.
Efforts to date when such tilting occurred have repeatedly produced evidence suggesting that late Miocene to Pliocene tilting accounts for at least part (1-2 km) of the present-day height of the Sierran crest (e.g., Christensen, 1966; Dalrymple, 1963; Huber, 1981 Huber, , 1990 Hudson, 1960; Unruh, 1991; Wakabayashi and Sawyer, 2001) . Moreover, rapid incision into parts of the Sierra Nevada seems to have begun near 3 Ma, and Stock et al. (2004 Stock et al. ( , 2005 argued that these increased incision rates refl ect tilting of the Sierra, not climate change. Recently, however, others have exploited stable isotopes derived from precipitation in the atmosphere to challenge this timing.
When water vapor condenses, heavy isotopes, such as deuterium or 18 O, enter the liquid phase more readily than the lighter isotopes, so that when the condensate precipitates, the atmosphere becomes depleted in the heavy isotopes (e.g., Dansgaard, 1964; Gat, 1996; Rowley et al., 2001; Rozanski et al., 1992) . As an air mass moves from over an ocean with an abundant supply of moisture, onto a continent, and then over a mountain range, condensation and precipitation will deplete the vapor of heavy isotopes (e.g., Friedman and Smith, 1970; Scholl et al., 2007) . In the absence of resupply of moisture, eventually the precipitation will contain only a small concentration of heavy isotopes (e.g., Chamberlain and Poage, 2000; Poage and Chamberlain, 2001) . Orography concentrates precipitation on the windward side of rising terrain; as moist air is forced upward, it cools adiabatically, and when the temperature drops suffi ciently, the air becomes saturated, vapor condenses, clouds form, and precipitation occurs. As Friedman and Smith (1970) , Mulch et al. (2008) , and others have shown, for modern precipitation, and Kendall and Coplen (2001) for stream water, eastward decreases in both deuterium and 18 O content occur largely over the Sierra Nevada where precipitation is highest.
Several authors have exploited this logic and measurements of deuterium or oxygen isotopes, δD or δ 18 O, to place constraints on past elevations, not just of the Sierra Nevada. I review relevant studies and relevant simple theories of orographic precipitation, and I then offer another interpretation in which the similarity of present-day and past spatial variations in stable isotopes could result from a combination of different elevation profi les and different climatic conditions. today, and that the crest of the range may have decreased, not increased, in elevation since that time. Subsequent studies by Horton et al. (2004) and by Horton and Chamberlain (2006) that exploited other minerals and a longer duration of geologic time reached the same conclusion. None of these studies, however, included measure ments from lowland Cali fornia. Because of likely climate change since Miocene and early Pliocene time, and highly variable climate beginning in late Pliocene time, the similarity between modern and ancient δ 18 O values could refl ect a combination of changes in elevation and climate. More important, as all of Poage and Chamberlain (2002) , Horton et al. (2004) , and Horton and Chamberlain (2006) recognized, precipitation falling in the Basin and Range Province derives largely from the tropical Pacifi c and does not pass over the Sierra Nevada (Friedman et al., 2002a (Friedman et al., , 2002b . Thus as interesting and stimulating as their work is, it may not bear on the question of when the Sierra Nevada rose to its present elevation.
More recently, Mulch et al. (2008) contrasted deuterium isotopes in middle Miocene to late Pleistocene volcanic glass from sites in the Great Valley of California, west of the Sierra Nevada, with those from sites in the Basin and Range Province ~300 km to the east (Fig. 1) . Deuterium isotopes in volcanic glass, like those in modern clays, are systematically offset from those in precipitation because of fractionation of hydrogen isotopes during their incorporation into the clay minerals. When such fractionation is taken into account (Friedman et al. 1993) , reconstructed deuterium concentrations of volcanic glasses match closely those calculated for modern precipitation in the same areas (Figs. 1 and 2). Assuming that the isotopic differences result from depletion of deuterium from vapor during orographic precipitation, Mulch et al. (2008) interpreted the large difference in deuterium isotope concentrations from the two regions in terms of an essentially constant eleva tion of the highest barrier to eastward fl ow, which they associated with the crest of the Sierra , from middle Miocene to present time. Crowley et al. (2008) carried out a similar analysis of oxygen isotopes in tooth enamel from Miocene to modern mammal fossils (Fig. 1) . They too allowed for fractionation of 18 O as it is incorporated into tooth enamel, and they showed that in most time intervals since early Miocene time, the difference in δ
18
O values from fossil tooth enamel east and west of the Sierra Nevada was ~6‰, the present-day difference in precipitation across the range. (Temporal resolution of fossil teeth was too coarse for them to address the past 2 Myr.) Cautiously, they too attributed the similarity between past and present-day differences in δ
O values to a past elevation distribution similar to that at present.
Earlier, Mulch et al. (2006) reported deuterium concentrations in kaolinite that formed in situ in Eocene sediment deposited in the paleo-Yuba River in the Sierra Nevada (Figs. 1 and 3). They showed that deuterium isotopes from the sediment decrease eastward across the Sierra Nevada with a gradient similar to that in modern precipitation but offset again because of fractionation during incorporation in the kaolinite. More recently, Cassel et al. (2009) presented a similar analysis for deuterium in volcanic glass dated at 31-28 Ma, and they too showed an eastward decrease across the Sierra Nevada into the Basin and Range Province (Figs. 1 and 3 ). From these similarities, Mulch et al. (2006) and Cassel et al. (2009) suggested that the Eocene and Oligocene regional slopes of the Sierra Nevada were indistinguishable from that today. All of the authors noted above assumed that the same processes of orographically enhanced precipitation and fractionation of heavy isotopes occurred earlier in Cenozoic time as they do today, and all recognized limitations of that assumption. My purpose here is not to challenge their data or their other basic assumptions, but to offer an alternative to their tectonic interpretations and to suggest that the data of Cassel et al. (2009 ), Crowley et al. (2008 , Horton and Chamberlain (2006) , Horton et al. (2004) , Mulch et al. (2006 Mulch et al. ( , 2008 , and Poage and Chamberlain (2002) permit a late MioceneEarly Pliocene tilting of the Sierra Nevada.
OROGRAPHIC PRECIPITATION
Although thermodynamics enters each stage that takes deuterium or 18 O from vapor to kaolinite, volcanic glass, or tooth enamel, the dominant process that depends on elevation occurs during condensation from vapor to liquid phase, which precipitation then transports to Earth's surface. Thus, like all of Cassel et al. (2009 ), Crowley et al. (2008 , Horton and Chamberlain (2006) , Horton et al. (2004) , Mulch et al. (2006 Mulch et al. ( , 2008 , and Poage and Chamberlain (2002) , I treat the deuterium and oxygen isotopes as a measure of the precipitation history that an air mass undergoes as it moves upward and over high terrain.
The Simple Upslope Model
In the simplest model of orographic precipitation, as air moves horizontally and then up the slope of a mountain range, it eventually cools suffi ciently that vapor condenses and then precipitates. The condensation rate, or the rate (per unit area per unit time) that vapor converts to cloud water, is assumed to be given by S(x,z) = ρq v w, where ρ is the density of air, q v is the specifi c humidity (ratio of vapor to dry air plus vapor) at the surface, and w is the rate that air rises (Table 1 lists symbols and gives typical values of the quantities that they represent). For air moving up a slope, this becomes the "simple upslope model" (e.g., Roe, 2005; Smith, 1979) :
Here U is the wind speed during rain events (not prevailing westerly wind speeds, or speeds of mid-latitude jets), and dh/dx is the slope of the terrain with height h(x). Most (e.g., Roe, 2005; Roe and Baker, 2006; Smith and Barstad, 2004) presume that cloud water precipitates after some relatively short interval of time, τ c ~1000 s, but this delay is commonly ignored in the simple upslope model, if Smith (2003) did address its effects. Thus, eq. (1) gives an indication of how precipitation might vary across a mountain range. The specifi c humidity q v depends strongly on temperature. We may write q v = RHq v *, where RH is relative humidity, and q v * is the saturation specifi c humidity (the fraction of water vapor in the air): 
) and R v ( = 461 J K -1 kg -1 ) are the gas constants for dry air and vapor, e v0 ( = 611 Pa) the saturation vapor pressure at 273 K, p ( = 101 kPa) is standard sea level pressure, L ( = 2.5 × 10 6 J kg -1
) is the latent heat of vaporization, and T is temperature in kelvins. For sensible surface temperatures, q v * increases by ~7%/°C temperature increase (e.g., Allan and Soden, 2008) .
Regarding the decreasing δD kaol values in Eocene stream gravel in the Sierra (Mulch et al., 2006) and the decreasing δD glass values in the Oligocene volcanic glass (Cassel et al., 2009) (Fig. 3) , suppose that the Eocene and Oligocene slopes of the Sierra Nevada were half that today. For a profi le of eastward decreasing values to resemble that in modern precipitation, and hence with the assumption that moisture moves from west to east as most of it does for the Sierra Nevada today (e.g., Friedman et al., 2002b) , the simple upslope model implies that to counteract a halving of dz s /dx, the product ρq v U must have been two times larger. Relegating discussion of how wind speed, U, might have differed in Eocene or Oligocene time to a section below, and recognizing that the density of air would not have changed signifi cantly, a larger value of q v does seem more likely for the Eocene and Oligo cene epochs than for today.
Estimates of mean annual surface temperatures of 18-23 °C in the Puget Sound area in Eocene time (50-43 Ma) based on leaf physiognomy (Wolfe et al., 1998) suggest that that region was warmer by ~7-12 °C than its present-day mean annual temperature of 11 °C, despite that region having been several degrees farther north. Assuming the same relative humidity as today, a reasonable assumption for coastal environments, then from eq. (2), if the air crossing the Eocene shoreline of California were 7-12 °C warmer than today, q v would have been greater than today by 1.6-2.2 times. It seems unlikely that Eocene temperatures in coastal California were 12 °C higher than today, but a difference of 7 °C lies within the plausible range (Zachos et al., 1994) . Thus, greater warmth in Eocene time means that air could carry more moisture than today, and therefore offers an alternative to the inference that tilt of the Sierran block has been minimal since Eocene time.
The samples studied by Cassel et al. (2009) date from 31 to 28 Ma, after an ice sheet formed on Antarctica (e.g., Coxall et al., 2005; Zachos et al., 2001) , when global climate presumably cooled, and when inland Asian climate became more arid (Dupont-Nivet et al., 2007) . The proximity of the Sierra Nevada to the Pacifi c Ocean makes it unlikely that that area became more arid when ice formed on Antarctica, but the temperature difference between Oligocene and the present surely was smaller than that between Eocene and present time. Thus, a warmer Oligocene climate with more moisture than today will allow for a gentler gradient of the Sierra Nevada than that today, but alone it would not compensate for a gradient half that at present.
At present, most of the precipitation falling on the Sierra Nevada and in the Basin and Range Province falls in winter, when stable isotopes are more depleted than in summer (e.g., Friedman et al., 2002b) . More relevant here, however, the specifi c humidity also is lower in winter than summer, as seasonal values obey eq. (2) reasonably well (Gaffen and Ross, 1999) . Axelrod (1973) inferred from paleobotanical assemblages in southern California that the present-day Mediterranean climate, with dominantly winter precipitation, developed in middle Pliocene time. When Axelrod (1973) wrote this, middle Pliocene could have been as old as 6-8 Ma, and thus his timing cannot be applied with confi dence, but more recent syntheses by Graham (1999, p. 254) and by Minnich (2007) suggests a change since ca. 5 Ma, if not more recent when upwelling of cool water along the California coastal current seems to have begun (Dekens et al., 2007) . In any case, a switch from largely summer to largely winter precipitation could affect east-west profi les of stable isotopes.
If we consider the difference in stable isotopes between sites in the Great Valley and in the Basin and Range Province (Figs. 1 and 2 ), then to a fi rst approximation, that difference would scale simply with the integrated difference in cloud water, or in rainout, at the two different heights. As the moist air moves up the slope of a mountain and loses moisture, condensation and precipitation deplete the vapor of deuterium. In the simple upslope model, the rate (per unit time, per unit distance perpendicular to the path of the air mass) at which vapor is lost to cloud water and then to precipitation is given by the integral over distance of eq. (1) to the point of interest, x = x 0 :
Thus, the slope ceases to be important; only the difference in heights affects the depletion of deuterium in air. Mulch et al. (2008) reported similar values of differences between modern δD ppt and of past (0.6-12 Ma) δD glass at sites west and east of the Sierra Nevada, Δ(δD ppt ) and Δ(δD glass ) (Fig. 2) . Crowley et al. (2008) noted similar differences for δ 18 O in modern precipitation and in fossil mammal tooth enamel. With explicit caution, both suggested that the same rain shadow present today and associated with the Sierra Nevada existed at these earlier times, but other ranges farther east could also contribute to that rain shadow. Paleoelevations of the sites in the Basin and Range differed little from those today, as leaf physiognomy from many of these basins shows (Wolfe et al., 1997) . The simple upslope model (1) predicts the same rainout (3) for a path from sea level to present elevations, regardless of where high terrain lies, and hence its application to sites throughout much of the Basin and Range Province neither requires nor disallows a past elevation of the Sierra Nevada similar to that of today.
Some of the samples used by Mulch et al. (2008) , however, come from the eastern margin of the Sierra Nevada, and an application of the upslope model to these δD glass values with the same specifi c humidity would yield the same conclusion that they reached: the height of the Sierra Nevada since middle Miocene time need not have changed. Again, however, either a somewhat warmer Miocene climate or greater summer than winter precipitation, as Axelrod (1973) , Graham (1999) , and Minnich (2007) inferred, could compensate for a lower crest of the Sierra Nevada.
Also δD glass values of Mulch et al. (2008) west of the Sierra fall 5-10‰ below those predicted by assuming present-day precipitation and a constant fractionation between water and glass ( Fig. 1) , and those east of the Sierra fall 5-10‰ above the line. Thus, whereas the difference in δD ppt between sites in the Basin and Range Province and the Great Valley is ~65‰, δD glass differs by only ~50‰. Mulch et al. (2008) recognized that the 15‰ increase in the difference between Miocene and Pliocene δD glass and present-day δD ppt might be taken to imply that the Miocene height of the rain shadow, at the Sierran crest or farther east, was lower by a small amount, ~500 m, than today.
The simple upslope model omits many processes , and it fails in obvious details. Smith et al. (2003 Smith et al. ( , 2005 pointed out that it tends to overestimate precipitation during major rainstorms. It does not take into account the evaporation of raindrops before they hit the ground, or dynamics in the atmosphere that are stimulated by fl ow over terrain and that affect precipitation. Nevertheless, it allows an assessment of potentially relevant elements, and more importantly, it forms the core of more complicated, more realistic models. Smith and Barstad (2004) extended the simple upslope model by allowing for dynamic processes in the atmosphere and for a fi nite height above Earth's surface in which water vapor is signifi cant. As an air mass impinges on topography, the back pressure imposed by the topography disrupts the static state of an atmospheric column. In a stably stratifi ed atmosphere, this pressure generates standing gravity waves that attenuate upward and into the wind. Thus, the air mass becomes sensitive to the topography before it passes over it. The thicker the layer of moisture, the more vapor that a column of the atmosphere contains. Whereas on the one hand, a deeper moist layer might produce more precipitation, on the other, much of the vapor is high enough that it is only mildly sensitive to the topography below. Air even only a few thousand meters aloft moves gradually upward along a path not equidistant from the topography, and its vapor need not cool suffi ciently to condense.
Smith and Barstad's (2004) Model of Orographic Precipitation
Among idealized topographic profi les that they considered, Smith and Barstad (2004) derived an analytical solution for the rate of cloud formation over a simple, gradual step from a lowland onto a plateau whose topographic profi le is given by eq. (A2). They obtained a cloud formation rate (per unit area per unit time) for an air mass fl owing up such topography that is given by eq. (A4). As discussed in Appendix A, the cloud formation rate, and hence the precipitation rate, consists essentially of the simple upslope model modifi ed by a factor that depends on the decrease of moisture with elevation. This factor also depends on the static stability of the atmosphere, the degree to which an air mass that is perturbed upward or downward returns to its initial elevation, and on the wind speed U.
Allowing for a fi nite thickness of moisture and a fi nite static stability spreads the locus of cloud formation and shifts its maximum upwind, via the term in the numerator of eq. (A4) (Fig. A1) . This is an obvious virtue of the model, because rainfall commonly is heavy at the foot of the windward side of a mountain range (west coast of New Zealand, for example). Compared with the simple upslope mode, the precipitation rate is smaller, because air aloft is less sensitive to the topography than the air just above the surface, which is quantifi ed by the denominator in eq. (A4). Consequently, less of the moisture in a deep moist layer condenses than when a thinner basal layer follows the same topography, and vertical displacements of vapor are large (Fig. A1) .
The similarity of Smith and Barstad's (2004) linear model to the simple upslope model concurs with the inferences given above: that the Eocene and Oligocene gradients in δD kaol and δ 18 O (Fig. 3) do not require similar Eocene, Oligocene, and present-day slopes of the Sierra Nevada.
In converting the cloud formation rate to precipitation, Smith and Barstad (2004) also allowed for a fi nite delay, τ c , for cloud water to begin to precipitate. Then, to test the model with observed precipitation, Barstad and Smith (2005) and Smith et al. (2005) focused mostly on individual storms, and their tests to some extent represent efforts to fi nd best fi tting values of τ c . Perhaps most interesting for a discussion of the Sierra Nevada is the observation by Smith et al. (2005) that the model works better on small distance scales (<10 km) than on larger ones. Part of the limitation might be that the cloud time delay, τ c , is not a constant, independent of region or storm. Although all values of τ c lie within the range of 600-2400 s, more physics than Smith and Barstad (2004) included must affect this quantity. Moreover, the regions that they considered tend to be characterized by chains, such as the Wasatch Range, Utah, and the Lago Maggiori area on the southern edge of the Alps or the Cascades , that are narrower than the Sierra Nevada. Thus, if better than the simple upslope model, Smith and Barstad's (2004) linear model also is imperfect in ways that limit its applicability to the Sierra Nevada. Nevertheless, it shows essentially the same dependence on elevation as the simple upslope model, and if applied to the Sierra Nevada, it would allow the same tradeoffs between elevations and specifi c humidity.
Roe and Baker's (2006) Model of Orographic Precipitation
Roe and Baker (2006) took a different approach to estimating orographic precipitation, which they based largely on simple kine matics of an air mass impinging on a ridge. They too assumed that vapor decreases exponentially upward with a moisture scale height H w as in eq. (A1), and that it condenses as air ramps upward above sloping topography. The condensate then is assumed to precipitate after a cloud time delay, τ c , as Smith and Barstad (2004) assumed. Once converted to precipitation, rain falls with a terminal speed v f (~4 m/s) as it is carried downwind. This model has the weakness that no precipitation falls over the base of the upwind slope. Orographic precipitation begins at a distance given by Uτ c (~10 km for typical values of U = 10 m/s and τ c = 1000 s) downwind of the base of the mountain front (Fig. B1) .
For a sloping surface of maximum height H and width W, Roe and Baker (2006) derived an expression for precipitation on the windward slope that once again resembles the simple upslope model (see Appendix B, equation B2 or B3) . The factors of the upslope model in eq. (3) are modifi ed by another factor that allows for precipitation to fall from a range of heights with a terminal speed. The calculated precipitation begins when the air has risen suffi ciently high to condense, and then rises rapidly with downwind distance toward the mountain range before decaying exponentially, as moisture is wrung out of the atmosphere (Fig. B1) . Thus, like Smith and Barstad's (2004) model, with more adjustable parameters than the simple upslope model, it too can account for the similar gradients of Eocene δD kaol or δD glass and δD ppt in modern precipitation (Fig. 2) .
Again, as with eqs. (3) and (A8), the total depletion of moisture by precipitation falling on the windward slope is independent of the slope or the width of the range. With the same order of simplifi cations as in Appendix B, depletion of moisture is
If the height of the range is much smaller than the moisture scale height, H << H w , this reduces exactly to the simple upslope model. In the opposite extreme limit of a very high range, H >> H w , all moisture precipitates before the air mass crosses the summit of the range. For a point east of the crest (x = 0), Roe and Baker's (2006) calculated orographic precipitation on the leeward side of the range is small (see Appendix B, Fig. B1 ). Thus, once again, the similar differences in stable isotopes on the leeward and windward sides of the Sierra Nevada for geologic materials and for modern precipitation can allow for a lower crest of the Sierra Nevada in warmer climate, especially if dominated by summer precipitation.
Wind Speed, U
As most readers must have noticed, by assigning a value of U = 10 m/s, I have ignored a quantity that might undermine, if not negate, all claims made above about the height or slope of the Sierra Nevada, or might, conceivably, strengthen the arguments given above. Alas, the wind speed as used here risks sharing qualities with a "can of worms," "Pandora's box," or whatever simile one might use to render elegant quantitative arguments only qualitative at best.
The wind speed used here is not the mean annual, or even monthly average, wind speed, but is the wind speed that characterizes a rainy period. Thus, how it might depend on climate is hardly obvious. There is little to show that wind speeds near the surface during rainstorms should have been lower (or higher) in earlier Cenozoic time than at present. Using regional climate model calculations, Frei et al. (1998) showed that precipitation increases with increased specifi c humidity, according to eq. (2), but they did not discuss winds or orographic precipitation specifi cally.
There is sensible reason to suspect that winds aloft at temperate latitudes are higher today than they were in Eocene, Oligocene, or middle Miocene time. The atmosphere maintains a quasisteady state, in which thermal wind balance applies: the vertical gradient in westerly wind speed is proportional to the meridional surface temperature gradient. The meridional temperature gradient in Eocene time was roughly half that today (Zachos et al., 1994) , and thus the jet speed at the top of the troposphere in midlatitudes (height of ~12 km) could have been roughly half that today. As noted above, however, that wind speed is not what enters the theories of orographic precipitation. Moreover, Roe and Baker (2006) , as well as Colle (2004) using a more realistic mode, showed that greater wind shear reduces their calculated orographic precipitation. Adding a wind shear of 0. , the reduction is closer to 15%. Thus, although negligibly small compared to uncertainties in assumed param eters (and other assumptions), the stronger present-day wind shear might reduce, as well as redistribute, orographic precipitation compared to that in earlier times.
More Realistic Models of Orographic Precipitation
The three simple models discussed above ignore numerous aspects of atmospheric dynamics and thermodynamics (such as phase changes between ice and liquid water) that might make them inappropriate for comparison with real data. Indeed, a rich literature shows that most complexities ignored here affect the distribution and amounts of precipitation, and to simulate individual rainstorms usefully, such complexities must be included. When one considers multiyear average conditions, however, complexities that affect individual rainstorms will to some extent cancel one another when numerous storms with different dynamic and thermodynamic conditions apply to each.
One obvious oversimplifi cation is the assumed two-dimensional structure of both the mountain range and the atmospheric circulation. Galewsky (2008 Galewsky ( , 2009a Galewsky ( , 2009b has shown that for mountains as high as the Sierra Nevada, wind speeds must exceed 10 m/s for fl ow to pass over the crest of a range of the dimensions of the Sierra Nevada rather than around the northern or southern ends of the range. Thus, he contested the most basic assumption assumed both here and in the analyses of stable isotopes discussed above, that precipitation and hence stable isotopes depend on the maximum height of the topography (Galewski, 2009a (Galewski, , 2009b . Accordingly, he too questioned inferences of Sierra paleo altimetry based on stable isotopes.
CONCLUSIONS
Measurements of stable isotope concentrations in a variety of geological materials east and west of the Sierra Nevada and within the belt reveal east-west gradients or differences that resemble those in modern isotopic concentrations of modern-day precipitation (e.g., Cassel et al., 2009; Crowley et al., 2008; Mulch et al., 2006 Mulch et al., , 2008 . Recognizing that during condensation, heavy isotopes such as deuterium preferentially move from vapor to liquid phase, and that orography plays a primary role in such condensation and precipitation, these authors, as well as others with slightly different distributions of samples (Horton and Chamberlain, 2006; Horton et al., 2004; Poage and Chamberlain, 2002) , suggested that the similarities between modern and geological isotopic concentrations imply that the orography of the Sierra Nevada has changed little during most of Cenozoic time. This inference, however, contradicts interpretations of geomorphic observations from the Sierra in which the entire Sierra Nevada tilted about an axis parallel to and along its base in late Miocene or early Pliocene time, and that the crest of the Sierra has risen 1000-2000 m since that time (e.g., Christensen, 1966; Huber, 1981 Huber, , 1990 Jones et al., 2004; Lindgren, 1911; Stock et al., 2004 Stock et al., , 2005 Unruh, 1991; Wakabayashi and Sawyer, 2001) .
Using simple models for orographic precipitation (Roe, 2005; Roe and Baker, 2006; Smith, 1979; Smith and Barstad, 2004) , I argue that the similarities of deuterium isotopes in Eocene kaolinites (Mulch et al., 2006) (δD kaol ) and in Oligocene volcanic glasses (Cassel et al., 2009) to those in modern precipitation (δD ppt ) across the Sierra Nevada do not require similar slopes for the Sierra Nevada. Rather, a combination of warmer Eocene and Oligocene climates and a gentler slope of the Sierra could account for this similarity. I also consider the differences between δD values in Miocene to Pleistocene volcanic glasses from the Great Valley of California and from the Basin and Range Province in Nevada (Mulch et al., 2008) and between δ 18 O in tooth enamel from these two regions (Crowley et al., 2008) . Both differences are similar to those in δD and δ
18
O values in modern precipitation at these localities. I argue that these similarities place only weak constraints on the history of the Sierra Nevada, again because a different climate could compensate for lower elevations. As elegant as the studies of Cassel et al. (2009 ), Crowley et al. (2008 , and Mulch et al. (2006 Mulch et al. ( , 2008 are, nonuniqueness in the interpretation of orographic precipitation denies their isotopic measurements a robust constraint on hypothesized elevation histories of the Sierra Nevada. 
APPENDIX A. DISCUSSION OF DETAILS IN SMITH AND BARSTAD'S (2004) MODEL
To allow for a finite thickness of moist air, Smith and Barstad (2004) assumed that specifi c humidity decreases exponentially with height: q(z) = q v exp(-z/H w ), in which the moisture scale height is
where T s is the surface temperature in kelvins, and γ = dT/dz is the lapse rate (a negative quantity) of the environmental air. Typical values of H w are ~2-3 km in temperate environments, but can be as much as 4 km in the moist tropics where the magnitude of γ can be small (e.g., Roe, 2006) . As an example, Smith and Barstad (2004) derived an analytical solution for the rate of cloud formation over topographic profi le given by
Here, H = the height of the plateau, and a scales the width of the step (Fig. A1) . The surface slope is
with a maximum slope of H/πa (if this were applied to the present-day Sierra Nevada, with H ~2.5 km and a maximum slope of ~0.025, a ~30 km). Smith and Barstad (2004) obtained for the cloud formation rate (per unit area per unit time) for an air mass fl owing up such topography:
Here the climate sensitivity factor,
is analogous to and within a factor of 2 of ρq v in the simple upslope model (1), for ρs is the water vapor density (ρq v ) at the ground. The moist adiabatic lapse rate is Γ m and depends on the surface temperature. The ratio of Γ m /γ in C w in eq. (A7) is close to unity. Thus, eq. (A4) describes the simple upslope model modifi ed by a factor that depends on
H′ normalizes the moisture scale height and takes into account the stability of the atmosphere, which is parameterized by the Brunt-Väisäla frequency
Both γ and Γ m are negative quantities, and obviously, Γ m must be the larger in magnitude for N to be real, and for the atmosphere to be stable. For Γ m , Smith and Barstad (2004) , and U ~10 m/s, H′ ~2. Regarding the differences in stable isotopes between sites in the Great Valley and in the Basin and Range Province (Fig. 1 ), Smith and Barstad (2004) showed that the difference in cloud condensation rate between lowlands (x ≤ -∞) and localities far onto the plateau (x ≤ ∞) is simply
Thus, the same argument given above, with its requisite strengths and weaknesses and shown by eq. (3), concerning the observations of Mulch et al. (2008) and Crowley et al. (2008) applies with a more realistic model for orographic precipitation: the similar differences between modern stable isotopes of precipitation and between those in geologic material at sites in the Basin and Range Province and in the Great Valley (Fig. 2) , which presumably imply similar amounts of rainout of the air masses passing over the regions, allow for a lower Sierra Nevada than today.
APPENDIX B. DISCUSSION OF ROE AND BAKER'S (2006) MODEL AND SIMPLIFICATIONS TO IT
For a sloping surface of maximum height H and width W defi ned by: 
Roe and Baker (2006) derived the following expression for precipitation on the windward slope:
where
The factor, F 1 , accounts for the geometry of particle motion, the trajectory of raindrops to a sloping surface. The factors F 2 and F 3 result from a vertical integration through the moist atmospheric column whose different trajectories allow moisture to fall on the surface h(x) at position x. Only part of the atmospheric column can produce rainfall at any point; air that is too low does not condense until passing that point, and condensate that forms too high will fall downwind of this point (x,h). The differences between two terms in each exponential factor arise because of the height ranges over which precipitation falls. Note that eq. (B2) can be approximated as . The tiny value of this factor makes the second term appear to be negligibly small, but where x ~-W, the second term is comparable to the fi rst. Thus, eq. (B2) becomes eq. (B3).
An integration of the total precipitation falling on the windward side of a ridge yields With the typical values of parameters assumed above, F 4 ≈ 1. Roe and Baker (2006) assumed that the probability of evaporation increases exponentially with time during fall, which is a time constant τ ev as precipitation falls on the leeward side of the range. With typical parameters, including τ ev ~2000 s, eq. (B5a) can be approximated by: 
With the parameters used above, and with x 0 ~100 km, the exponential term in brackets is negligible, and the second fraction in eq. (B7), Uτ ev H w /(H w + v f τ ev ) ~ O(H w ). Thus, rainout over the plateau in eq. (B7) would be only a few percent of that on the windward side, in eq. (B2). The effects of different parameters on the precipitation rate can be seen best by rendering eqs. (B2) and (B5) dimensionless. With the following nondimensionalizations: distance, x′ = x/W; precipitation, P′ = P(ρq 0 UH/W); slope, s′ = UH/Wv f ; height, h′ = H/H w ; offset distance, x′ i = Uτ c /W, eq. (B2) becomes: Then with a dimensionless evaporation decay distance, d′ ev = Uτ ev /W, eq. (B5) becomes:
With typical values as in Table 1 , the dimensionless quantities take on values like those given used for Figure B1 , which shows the calculated dimensionless precipitation versus dimensionless distance for combinations of plausible parameters. The rapid rise in precipitation-slow decrease with distance, and then rapid drop when the plateau is reached-characterize all combinations.
